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ABSTRACT
The Pi GHz Sky Survey (PiGSS) is a key project of the Allen Telescope Array.
PiGSS is a 3.1 GHz survey of radio continuum emission in the extragalactic sky
with an emphasis on synoptic observations that measure the static and time-
variable properties of the sky. During the 2.5-year campaign, PiGSS will twice
observe ∼ 250, 000 radio sources in the 10,000 deg2 region of the sky with b > 30◦
to an rms sensitivity of ∼ 1 mJy. Additionally, sub-regions of the sky will be
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observed multiple times to characterize variability on time scales of days to years.
We present here observations of a 10 deg2 region in the Boo¨tes constellation
overlapping the NOAO Deep Wide Field Survey ﬁeld. The PiGSS image was
constructed from 75 daily observations distributed over a 4-month period and
has an rms ﬂux density between 200 and 250 µJy. This represents a deeper
image by a factor of 4 to 8 than we will achieve over the entire 10,000 deg2.
We provide ﬂux densities, source sizes, and spectral indices for the 425 sources
detected in the image. We identify ∼ 100 new ﬂat spectrum radio sources; we
project that when completed PiGSS will identify 104 ﬂat spectrum sources. We
identify one source that is a possible transient radio source. This survey provides
new limits on faint radio transients and variables with characteristic durations
of months.
Subject headings: radio continuum: general — radio continuum: stars — radio
continuum: galaxies — surveys
1. Introduction
Synoptic surveys are increasingly important probes of the sky at all wavelengths. These
surveys provide the opportunity to simultaneously probe the static and variable compo-
nents of the Universe through multiple observations of the sky. Complete static catalogs
such as that of the NRAO VLA Sky Survey (Condon et al. 1998), the VLA FIRST Survey
(Becker et al. 1995), the Sloan Digital Sky Survey (Abazajian et al. 2003), and the ROSAT
All Sky Survey (Voges et al. 1999) are essential to creating a complete picture of the astro-
physics of a wide range of objects. These extant surveys predominantly emphasized a single
static image of the sky. The next generation of large-scale surveys at all wavelengths have
variability and the time domain as an essential aspect. These surveys include at optical
wavelengths the SDSS stripe 82 survey (Sesar et al. 2007), the Palomar Transient Factory
(Rau et al. 2009; Law et al. 2009), Pan-STARRS, the LSST surveys, and at gamma-ray
wavelengths the Fermi LAT catalog (Abdo et al. 2010).
At radio wavelengths, time domain surveys have a venerable history including the dis-
covery of pulsars (Hewish et al. 1969) but are undergoing a signiﬁcant renaissance. In par-
ticular, single dish surveys with sensitivity to short timescale transients (<∼ 1 second) have
uncovered a wide range of neutron star phenomena, including single pulses detected from
rotating radio transients (McLaughlin et al. 2006). These discoveries have spawned several
new surveys (Siemion et al. 2008). Future versions of single-pulse surveys are proposed for
several next generation instruments such as ASKAP, LOFAR, MEERKAT, and the Square
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Kilometer Array (Macquart et al. 2010; Hessels et al. 2009). The enormous data volumes of
these surveys require novel and dedicated signal processing techniques.
Imaging synoptic surveys, however, are in their infancy. They have been conducted
systematically over limited area on the sky or assembled from archival data. Nevertheless,
these limited surveys indicate that there are many phenomena to explore. VLA surveys of
the Galactic Center at low frequency, for example, have uncovered several transients without
clear identiﬁcation (Hyman et al. 2002, 2005, 2009). A comparison of the FIRST and NVSS
surveys also uncovered a radio supernova and a radio transient without an optical counterpart
(Levinson et al. 2002; Gal-Yam et al. 2006; Ofek et al. 2010). Bower et al. (2007) discovered
10 radio transients without counterparts in deep optical and radio images from nearly 1000
observations of a single ﬁeld obtained weekly over 20 years. Recently, Becker et al. (2010)
discovered a number of variable radio sources in observations of the Galactic Plane. In addi-
tion to objects and events discovered through systematic searches, radio transients and vari-
ables have frequently been found through serendipity. Brunthaler et al. (2009), for instance,
discovered a radio supernova in M82 during VLBI observations intended to characterize the
proper motion of the galaxy. The time scale of days to years includes known radio variability
from radio supernovae and gamma-ray burst afterglows (Weiler et al. 2002), interstellar prop-
agation such as extreme-scattering events (ESEs; Fiedler et al. 1987; Senkbeil et al. 2008),
intrinsic AGN processes (Hughes et al. 1992), and compact-object binaries and stars (e.g.,
Berger et al. 2001; Bower et al. 2005; Osten et al. 2006).
de Zotti et al. (2010) summarize radio continuum surveys and their astrophysical uses.
The NRAO VLA Sky Survey (NVSS; Condon et al. 1998) and the FIRST survey (Becker et al.
1995) constitute the best existing 1.4 GHz radio surveys of the sky. The best existing
high frequency survey is the GB6 catalog, which has a detection threshold of ∼ 25 mJy
(Gregory et al. 1996). Large area, high frequency surveys that can provide statistical in-
formation about spectral indices and sources populations include the AT20G survey, which
covers the southern hemisphere to a ﬂux density threshold of 100 mJy (91% completeness)
at 20 GHz (Murphy et al. 2010), and the 9C survey, which covers 520 square degrees to 25
mJy at 15 GHz (Waldram et al. 2010).
The static component of large scale surveys is valuable for a wide range of astrophysical
problems. New radio surveys have the capability of providing spectral index information for
radio sources, which can be critical for separating source classes. This includes separation of
star-forming galaxies from active galactic nuclei (Ivezic´ et al. 2002), identiﬁcation of GHz-
spectrum-peaked sources (Stanghellini et al. 1998), and identiﬁcation of ﬂat spectrum radio
sources. In particular, ﬂat spectrum catalogs are used for identiﬁcation of blazars that may be
gamma-ray counterparts (Healey et al. 2008; Massaro et al. 2009) and that may be useful
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for ﬂux-monitoring in determination of gravitational lensing constraints on cosmological
parameters (Myers et al. 2003; Fassnacht et al. 2002).
We describe here a new synoptic survey at radio wavelengths conducted with the Allen
Telescope Array (ATA) and provide initial results. The Pi GHz Sky Survey (PiGSS) is a
key project of the ATA. Key goals are 1) to conduct a large-area survey of radio continuum
at a frequency of 3.1 GHz that approaches an order of magnitude more sensitivity than the
best existing catalog at frequencies higher than 1.4 GHz; and 2) to explore the variable and
transient component of the radio sky with a method that is unbiased by optical or high
energy observations. The ﬁrst goal will produce spectral indices for an order of magnitude
more sources than currently exist, enabling a wide range of science. This survey builds on a
preliminary ATA project, the ATA Twenty Centimeter Survey (ATATS; Croft et al. 2010),
which also demonstrates imaging quality and array performance. We describe the ATA, the
survey, and its goals in §2 and the data reduction techniques in §3. We present our results
in §4 and discuss these in §5. We summarize in §6.
2. Survey Description
The Allen Telescope Array (ATA) is a new radio telescope designed to conduct surveys
(Welch et al. 2009). The ATA is a pioneer of the large-N-small-diameter (LNSD) array
design, which characterizes the international approach to the Square Kilometer Array design
(Schilizzi et al. 2007). The survey speed is the rate per unit time at which a telescope
covers solid angle to a ﬁxed sensitivity. For a radio interferometer with N elements of
diameter D the survey speed scales as (ND)2, whereas the time to observe a single ﬁeld
scales proportional to the square of the total area (ND2)2. Thus, for a ﬁxed collecting
area, a smaller diameter D will provide faster survey speed. Unique features of the ATA
are a wide ﬁeld of view (2.5◦ at 1.4 GHz), compact conﬁguration (bmax = 300 meters), a
broadband feed that delivers the entire radio frequency band of 0.5 to 11 GHz in orthogonal
linear polarizations to the laboratory, and ﬂexible digital signal processing that includes two
correlators and three phased-array beamformers and uses four individual frequency tunings.
Each correlator has a bandwidth of 104 MHz in 1024 channels and provides full Stokes
information. Williams & Bower (2010) have exploited the broad frequency coverage of the
telescope to measure continuous spectra of ﬂux calibration standard sources and nearby
star-forming galaxies, including M82, NGC 253, and Arp 220. The ATA was dedicated in
Fall 2007; commissioning observations have been carried out over the past 2.5 years as array
performance has improved.
The observing frequency was selected by balancing several factors: the need for higher
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frequency to achieve suﬃcient leverage to measure spectral indices; the expectation of greater
amplitude and more rapid timescale variability from synchrotron sources at higher frequen-
cies; the decreasing ﬁeld of view and, hence, survey speed with increasing frequency; the
improving sensitivity of the ATA at lower frequencies; and the absence of signiﬁcant ra-
dio frequency interference (RFI). Two adjacent frequency bands were selected for the two
correlators with center frequencies of 3.04 and 3.14 GHz.
Field selection for PiGSS was based on the goal of covering a very large area of ex-
tragalactic sky and overlapping with existing deep and wide area surveys. An overview of
ﬁelds and speciﬁcations is given in Table 1. The North Galactic Cap at b > 30◦ has been
extensively imaged, in particular by the Sloan Digital Sky Survey (Abazajian et al. 2003)
at optical wavelengths and by the NVSS and FIRST surveys at a frequency of 1.4 GHz.
Individual sub-ﬁelds were selected for similar reasons. The NOAO Deep Wide Field Survey
(also known as the Boo¨tes ﬁeld) (Jannuzi et al. 2004; Ashby et al. 2009) has been extensively
imaged from radio to X-ray wavelengths to signiﬁcant depth and over an area as large as
10 deg2. PiGSS is also targeting a 10 deg2 region covering the Lockman hole for similar
reasons. Both ﬁelds are seven-pointing hexagonally-close-packed mosaics with a spacing be-
tween pointings equal to the voltage full width at half maximum, ∆θ = 0.78◦ at 3.14 GHz.
Additional 10 deg2 ﬁelds will be selected and observed throughout the survey. A 250 deg2
ﬁeld overlapping the Boo¨tes ﬁeld was also observed and will be the subject of a subsequent
paper.
The tiling of the North Galactic Pole (NGP) mosaic attempts to achieve a hexagonally-
close-packed spacing locally while minimizing the total number of pointings. Rows of point-
ings at constant declination are arranged with optimal spacing in right ascension for the
minimum declination within that band of rows; i.e., ∆αi = ∆θ/ cos(δi,min), where δi,min is
the minimum declination within a band of rows. Pointing centers in adjacent rows are oﬀset
in right ascension by half of the spacing to provide the close-packed spacing. The number
of rows for a ﬁxed ∆αi is set by the constraint that the number of pointings per row does
not exeed 110% of the optimal number for that row. The total number of pointings for the
NGP is 19940.
The integration time was selected with the goal of ultimately achieving a 5σ detection
threshold of 5 mJy for a single epoch and 4 mJy for the completed large area survey. Typical
observations consist of a loop that involves two minute observations of each pointing in one
of the 10 deg2 ﬁelds and approximately 50 pointings in the NGP (or other large) ﬁeld. These
observations are repeated between three and six times in an observing session with a duration
of between 6 and 18 hours. This repetition gives more uniform (u, v) coverage over the ﬁelds
as well as increasing sensitivity. As the number of antennas available to the correlator
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increases, the number of observations per ﬁeld wlll be reduced without losing sensitivity and
(u, v) coverage. Commissioning of new antennas and of new correlator capacity has been
proceeding along with this survey. The observations reported here rely on data from about
25 dual polarization antennas.
The longest baseline of the ATA currently is ∼300 meters, providing 2′ × 1′ resolution
at 3.1 GHz . This resolution is a good match to NVSS (∼45′′), enabling accurate spectral
indices. Source positions will be accurate to 10′′ or better. Matching with known FIRST
sources will permit 1′′ accuracy positions for the majority of sources.
Source confusion from integrated faint sources provides a limit on the ultimate sensi-
tivity that a static survey can obtain. Transient and variable surveys can, of course, detect
variable sources that are fainter than the confusion limit. (Condon 1974) derived the stan-
dard equations for confusion noise due to faint background sources. The results depend
solely on the telescope resultion and the diﬀerential number count of sources per unit solid
angle
n(S)dS = kS−γdS, (1)
where k is a normalization constant and γ ≈ 2 is the power-law index. The confusion noise
is
σc =
(
q3−γ
3− γ
) 1
γ−1
(kΩe)
1
γ−1 . (2)
Ωe is the eﬀective beam area
Ωe =
pi
4
θ1θ2/ [(γ − 1) ln 2] , (3)
where θ1 and θ2 are the major and minor FWHM axes of the telescope beam. q is an arbitrary
parameter of the integration which is typically set to 5. The detection threshold of an array
is ∼ 5 times the confusion noise for a nonvariable source. For the ATA, the rms confusion
at 1.4 GHz and 5.0 GHz as 325 µJy and 40 µJy, respectively, based on source counts at
those wavelengths. In the absence of detailed source counts at 3.1 GHz, we can interpolate
between those results and estimate the rms confusion at 3.1 GHz to be ∼ 150 µJy.
Cadence for synoptic observations is set to satisfy scheduling constraints and provide
sensitivity to transient and variable sources on time scales of days to months. For the 10,000
deg2 ﬁeld, observations will be performed yearly, providing two samples of the ﬂux density.
For the 10 deg2 ﬁelds, a cadence with intervals of days to years will be obtained. Following
Bower et al. (2007), the two-epoch rate for a transient survey with Ne epochs that cover an
area A to sensitivity S is
R(> S) =
Nt
(Ne − 1)A(> S)
, (4)
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where Nt is the number of transients detected. Here, A(> S) refers to the solid angle over
which a source of ﬂux density S or greater can be detected. Where no transient is detected,
the 2σ limit is Nt ≈ 3 (Gehrels 1986). Croft et al. (2010) provide an updated version of this
two-epoch rate. This rate applies to transients with a timescale comparable to or longer than
the duration of individual epochs. Thus, the optimal approach to maximize the sensitivity
to transients is to repeatedly observe the same ﬁeld. Comparison to a prior epoch (such as
NVSS or GB6) can increase Ne by 1.
3. Observing & Data Reduction
PiGSS observing began in May 2009. We report here on observations between 2009 May
20 and 2009 September 27. A total of 96 observations of the Boo¨tes ﬁeld were obtained, of
which 75 were included in the ﬁnal result. Observations in early August 2009 were interrupted
for a period of two weeks due to forest ﬁres in the region; observations in September 2009
were scheduled less densely than earlier in the campaign. We show the image rms of epochs
with good data in Fig. 1.
3.1. Calibration and Flagging
3C 286 was used as the calibrator for the amplitude scale as well as for short-term vari-
ations in antenna amplitude and phase gains. Calibrator observations were obtained hourly.
A ﬂux density of 9.7 Jy was used, following the model of Baars et al. (1977). Observations
of the bright calibrator 3C 295 on 26 September 2009 indicate that the amplitude scale is
accurate at the level of ∼ 1%, consistent with earlier measurements by Williams & Bower
(2010) who ﬁnd an accuracy of ∼ 3%. Total ﬂux density in each of the two correlator bands
was measured to be 10.84± 0.02 Jy and 10.55± 0.05 Jy; the expected ﬂux density at these
frequencies is 10.845 and 10.493 Jy, respectively.
Data were reduced using the ARTIS package of scripts for RFI excision and amplitude
calibration (Keating et al. 2009). ARTIS uses the MIRIAD package (Sault et al. 1995).
Some additional RFI excision and rejection of bad antennas and baselines was performed by
hand. The pipeline currently does not perform polarization leakage calibration; therefore,
we do not provide polarimetric results in this paper. Accurate polarization calibration with
the ATA has recently been demonstrated (Law et al. 2010); we anticipate that polarization
calibration will be included in future versions of the pipeline. The lack of polarization
calibration probably introduces a ∼ 1% error in total ﬂux density and may limit dynamic
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range (Croft et al. 2010).
3.2. Imaging
All baselines shorter than 80λ were rejected to exclude large-scale structure, solar in-
terference, and cross-talk from closely-spaced antennas from the resulting image. This has
the eﬀect of removing any sources with an angular size larger than ∼ 1◦. Multi-frequency
synthesis imaging was performed independently for each of the two frequency bands. A typ-
ical synthesized beam for PiGSS had a size of 120′′ × 60′′ with a position angle that varied
depending on the hour-angle range observed; we restored the image with a synthesized beam
of 100′′ × 100′′. A linear mosaic of all 7 pointings at a single frequency was obtained using
the primary beam tapering algorithm described in Sault et al. (1996). The tapered map
provides uniform noise across the image, which is useful for automated source identiﬁcation,
at the expense of uniform gain. We apply an after the fact amplitude calibration on sources
by dividing ﬂuxes by the tapering gain. The mosaics at the diﬀerent frequencies were then
combined with a weighted sum based on the measured noise in the maps. Finally, the mo-
saicked images were converted into the GLS geometry, which provides pixels of uniform area
over the full ﬁeld (Calabretta & Greisen 2002). Without this correction, ﬂuxes determined
by our source detection algorithm have errors that increase with distance from the map cen-
ter. We plot the rms of the ﬁnal images from each epoch in Fig. 1. The median rms for the
set of images is 1.2 mJy.
The measured primary beam FWHM of the ATA is 3.5◦f−1, where f is the frequency
in GHz (Welch et al. 2009). We conﬁrm through examination of sources that are detected
in two or more pointings that the best ﬁt primary beam is consistent with the nominal value
of 1.13◦ for 3.1 GHz (Hull et al. 2010). Mosaics are imaged to 5% of the beam sensitivity
for a total area of 11.7 deg2.
A deep image of the Boo¨tes ﬁeld was obtained by merging calibrated visibility data for
each pointing for the entire observation period. This merged data set was imaged and then
all pointings were combined to produce a linear mosaic of the ﬁeld. This image (Fig. 3) has
an rms ﬂux density between 216 and 250 µJy, as measured in regions free of sources. The
residual image after subtraction of CLEAN components has an rms of 200 µJy. If we sum in
quadrature the rms noise from each of the daily images, we obtain an expected rms noise of
145 µJy. Additional noise in the image may be due to residual RFI, miscalibrated antennas,
incomplete cleaning, and source confusion. The image includes data from approximately
150 hours of observing using approximately half of the array. With the full array, the same
image can be made in about 40 hours of observing. The total area with sensitivity above
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25% of the peak sensitivity (∼ 1 mJy rms) is 5.5 deg2; above 50% of the peak sensitivity
(∼ 0.5 mJy rms) the total area is 3.3 deg2 (Fig. 2).
3.3. Source Catalog Construction
We constructed a catalog of sources using the MIRIAD program sfind (Hopkins et al.
2002). We constrain source-ﬁtting to be an elliptical Gaussian with a minimum size of
the synthesized beam. This has the eﬀect that many point sources will have an exact de-
convolved size and position angle of 0. We reject a small number of sources for which
Gaussian ﬁtting does not provide an adequate solution; these sources appear spurious (typi-
cally very elongated) when examined in the image domain. Source positions (α, δ in equinox
J2000), ﬂux densities, measured Gaussian sizes (bmaj , bmin, φ), and deconvolved Gaussian
sizes (b′maj , b
′
min, φ
′) are tabulated in Table 3. We determine the completeness of the catalog
through comparison with the NVSS catalog, as discussed in the next section.
4. Boo¨tes Field Results
For the Boo¨tes ﬁeld, we apply a second cut to the catalog of a minimum ﬂux density
of 1 mJy, which is 4 to 5 times the rms noise in the residual image. The total number of
sources is then 425. The PiGSS catalog contains more than 10 times as many as sources as
the GB6 catalog, which has 37 sources over this region. The minimum PiGSS ﬂux is a factor
of 2.5 and 18 fainter than the minimum NVSS and GB6 ﬂuxes, respectively.
The Boo¨tes ﬁeld has been investigated systematically across the spectrum. Critical
radio surveys against which to compare PiGSS data are the all sky NVSS and GB6 sur-
veys and a deep Westerbork survey at 1400 MHz (de Vries et al. 2002). We summarize the
characteristics of these surveys in Table 2. We focus on comparison with NVSS and GB6
because these represent large-area surveys at resolutions similar to PiGSS. Comparison of
the FIRST survey directly to PiGSS is likely to introduce source mismatches as sources are
resolved into multiple components. Comparisons of FIRST and NVSS catalogs have been
extensively investigated (e.g., Gal-Yam et al. 2006).
We show images of individual sources and small regions in Fig. 4. Catalog positions
for sources from PiGSS and other surveys are indicated. For sources with simple structure,
we see very good agreement between the PiGSS and NVSS catalog decomposition. The
majority of PiGSS sources have this simple structure. In the case of more complex source
regions such as Figs. 4c and d, the PiGSS decomposition tends to be simpler and produces
– 10 –
a smaller number of total sources. The diﬀerences are due to the diﬀerent resolutions, the
more complete (u, v) coverage of the PiGSS data, the diﬀerent observing frequencies, and,
possibly, diﬀerent methods for complex source decomposition. GB6 sources are rare and the
poorer angular resolution of GB6 leads to even greater blending of complex structures.
4.1. Cross-Identifications
We match PiGSS sources with NVSS sources using a match radius rm = 45
′′. This
radius is chosen to produce an an expectation of Nfalse
<
∼ 1 false match between PiGSS and
NVSS, assuming a uniform distribution of sources. Clustering of sources will increase the
number of false matches. However, a smaller match radius may lead to a mismatch between
sources that are extended or resolved in NVSS. Approximately 80% of PiGSS sources have a
counterpart in NVSS; the remainder are likely to match to sources fainter than the NVSS ﬂux
limit (see the discussion below). We also match the PiGSS catalog to the GB6 catalog using
rm = 90
′′, leading to Nfalse
<
∼ 1. Only 8 PiGSS sources have two NVSS sources within the
PiGSS synthesized beam. Thus, no more than 2% of NVSS counterparts to PiGSS sources
have their 1.4-GHz ﬂuxes underestimated by source-blending eﬀects.
For the much deeper and higher angular resolution WSRT-1400, rm = 9
′′ will produce
Nfalse
<
∼ 1. As discussed below, this match radius is comparable to the positional accuracy
of our observations; use of a match radius of this size could lead to a substantial number of
PiGSS sources not being identiﬁed. We select a match radius of rm = 45
′′ to accomodate the
PiGSS positional uncertainty, leading to Nfalse ∼ 25. Note that the minimum match radius
is selected, so the majority of PiGSS matches to WSRT-1400 are closer than this separation.
38 PiGSS sources (<∼ 10%) have multiple WSRT-1400 matches within the PiGSS synthesized
beam. The characteristic error in the ﬂux density for these multiple-match sources is an
underestimate of the true 1.4-GHz ﬂux density by 16%, if we assume that multiple-source
decomposition does not create more accurate matches. The signiﬁcant diﬀerences in source
density and angular resolution between PiGSS and WSRT-1400 indicate that these matches
are best used only when an NVSS or GB6 source is missing. We summarize the matches to
all surveys and compute spectral indices (S ∝ να) as a function of frequency for all of the
matches in Table 4.
In Figure 5, we plot a histogram of the separation between the PiGSS and NVSS matched
sources. Interior to the half-power radius of the outer pointings, the median oﬀset in the
position is 8.3′′; outside that radius, the median oﬀset increases to 13.7′′. There is some
evidence for systematic shifts in position at radii approaching two times the half-power
radius (Fig. 6). These shifts are not described as a simple linear shift or a rotation, either
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around the ﬁeld center or around individual pointing centers. Tests with full 3-dimensional
imaging in CASA appear to indicate that these are not due to phase errors introduced by
ignoring the w-term. Bandwidth and time smearing are not signiﬁcant at these radii. These
localized shifts may be due to primary-beam phase errors at radii beyond the half-power
point. The accuracy of matching with WSRT-1400 sources is comparable to that achieved
with NVSS; the median separation between PiGSS and WSRT-1400 sources in 10.5′′.
We use multiple catalogs to identify PiGSS sources without associations (Fig. 7). Ab-
sence of an NVSS counterpart is unsurprising for low ﬂux density sources given the lower de-
tection threshold for PiGSS; 89 PiGSS sources are unmatched to NVSS. If we match against
the WSRT-1400 survey as well as NVSS, we are able to identify more sources, leaving us
with 35 unidentiﬁed sources. Many of the remaining unmatched PiGSS sources are outside
the boundary of the WSRT-1400 survey; i.e., these sources could only be matched to NVSS.
The diﬀerent resolutions and (u, v) coverages of these surveys also leads to mismatches. For
instance, we see extended structure associated with a bright source that does not appear in
the NVSS image of the ﬁeld (Fig. 8). This resolved source is represented by the spike at
> 8 mJy in the histogram. If we further exclude all resolved sources from the histogram, we
are left with sources with ﬂux densities less than 2.5 mJy. Further excluding sources outside
the half power sensitivity, we ﬁnd ﬁve sources with ﬂux densities of ∼ 1.5 mJy that have no
match in any of the catalogs. We show images of these sources in Fig. 9. Of these sources,
one is adjacent to a very bright source with resolved structure and is possibly a sidelobe of
that source or is missed in other surveys due to confusion with that bright source; three have
probable WSRT-1400 matches that are beyond the 45′′ match radius. Only J143621+334120
has no apparent match and no reason to exclude it as a real source.
All NVSS sources with ﬂux densities greater than 5 mJy are matched to PiGSS sources
either through a clear one-to-one match or with an association with a resolved source that
has a diﬀerent decomposition into components in PiGSS and NVSS. 53 NVSS sources with
ﬂux densities between 2.5 and 5 mJy are not matched to PiGSS sources; this is primarily due
to a combination of faint 3.1 GHz emission that is not detected in PiGSS, source confusion,
and a few sources that are missed by the PiGSS detection algorithm.
All but two GB6 sources have matches to PiGSS sources. GB6 source J143921+344803
falls in between two PiGSS sources with a separation of ∼ 4′ and is probably a blend
of these two. GB6 source J142554+343552, which has a ﬂux density of 21 mJy, has no
apparent counterpart in PiGSS, NVSS, or WSRT-1400. The nearest PiGSS source is ∼ 5′
away. The ﬁeld contains a number of nearby galaxies identiﬁed by SDSS but there are no
AGN or known compact objects. There is no known reason to exclude this GB6 source as
a transient source but without deeper access to the GB6 data we cannot determine whether
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it is real or spurious.
4.2. Spectral Indices
Spectral indices are tabulated in Table 4 and plotted in Fig. 10. There is good agreement
between spectral indices determined with NVSS and WSRT-1400 data. The median spectral
indices with the two surveys are -0.68 and -0.65, respectively. Excluding 25 sources that
have very large spectral indices in one or the other survey (and are, therefore, likely to
be mismatched), the rms diﬀerence in spectral index relative to NVSS and WSRT-1400 is
0.17. This is an upper limit on the systematic error in the NVSS spectral indices because
it includes relative calibration error between NVSS and WSRT-1400. The drop in median
spectral index at low ﬂux densities is a selection eﬀect due to the 2.5-mJy ﬂux limit of the
NVSS catalog; inverted or ﬂat-spectrum PiGSS sources will not be detected in NVSS at low
ﬂux density. GB6 spectral indices have a larger scatter, caused by larger error in the GB6
ﬂux densities, the coarser angular resolution of GB6, and, possibly, higher variability among
these sources. Only one GB6 source (out of 37) has a PiGSS source within 90 arcsec radius,
which is well-beyond the half-power radius of 70 arcsec. Thus, we are not signiﬁcantly
aﬀected by source-blending eﬀects in the PiGSS-GB6 spectral indices.
4.3. Number Counts
We construct number counts for the PiGSS, NVSS, and GB6 sources in the ﬁeld
(Fig. 11). As expected, PiGSS number counts fall in between the NVSS and GB6 num-
ber counts since the average spectral index is ∼ −0.7. This result indicates that we are
detecting the expected population in this ﬁeld.
5. Discussion
5.1. Variable and Transient Sources
A major goal of PiGSS is to identify and characterize variable and transient radio
sources. The results of this paper, speciﬁcally the catalog of sources in comparison with
existing radio catalogs of the richly surveyed Boo¨tes ﬁeld, enable us to investigate vari-
ability with a characteristic time scale of ∼ 4 months relative to earlier snapshot epochs.
That is, transient sources that appear in the PiGSS data are most likely to have a lifetime
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comparable to the total integration time of this survey; variable sources can have evolved
even more slowly, i.e., over the course of years from prior epochs to the present. Brighter,
shorter-duration transients are possible but less probable if they have source populations
that increase with decreasing ﬂux density. The reverse analysis — identiﬁcation of sources
present in NVSS, WSRT-1400, or other survey but not present in PiGSS — provides an op-
portunity to probe source populations with characteristic timescales that match the shorter
snapshot times of those surveys. In the case of NVSS, that time scale is minutes.
As discussed above, we identify one source J143621+334120 that appears in PiGSS but
in none of the other catalogs. With a ﬂux density of 1.80±0.42 mJy, the source is a marginal
detection at 4.3σ. For purely Gaussian image noise, the expectation over the entire image
is of ∼ 0.1 sources at this threshold or above. Thus, it’s not unlikely that this is a random
ﬂuctuation or the result of increased noise threshold from systematic error. In a forthcoming
paper we will investigate the variability of this source in daily and monthly images.
Since we do not have ﬁrm detection of any transient sources, we do not have a tran-
sient timescale. In this case, the snapshot rate R (Eqn. 4), which compares the number of
transients in a two epoch survey is the appropriate statistic to make use of. We, therefore,
set an upper limit to the transient rate for long-duration transients, Rmonth
<
∼ 1 deg−2 at 1
mJy and <∼ 0.3 deg−2 at 10 mJy. In the reverse case of identifying NVSS sources missing in
PiGSS, we set a limit Rminute
<
∼ 0.3 deg−2 for ﬂux densities greater than 5 mJy. Exact limits
for long-duration transients are plotted in Fig. 12 along with rates from past observations.
Rates on transient and variable sources will improve signiﬁcantly with the release of daily
monitoring results for the Boo¨tes ﬁeld and yearly monitoring for the NGP PiGSS catalogs.
For the former, we anticipate two orders of magnitude greater sensitivity to short-timescale
phenomena at ﬂux densities an order of magnitude higher. For the latter, we anticipate three
orders of magnitude improvement in transient and variable rates.
The current set of limits for transients of duration 4 months place the most interesting
limits on AGN, ESEs, and RSNe, all of which can have durations of months to years. The
case of III Zw 2 is instructive for extreme AGN variability; it exhibited a factor of > 20
outburst rising from below 100 mJy to greater than 1 Jy on a timescale of 1 year (Falcke et al.
1999; Brunthaler et al. 2005). III Zw 2 has exhibited episodic variability of this kind with a
duty cycle of ∼ 20%. Such a source would be readily detectable in this survey down to our
detection threshold of 1 mJy. Thus, we can limit the number of III Zw 2 analog sources to be
<
∼ 0.2% of all radio sources. ESEs have timescales of months and amplitudes of order factor
of 2 and therefore are harder to distinguish in a two-epoch comparison. Detailed analysis of
daily light curves will be sensitive to ESE behaviour.
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5.2. Flat Spectrum Sources
Of particular interest is the construction of a ﬂat spectrum catalog from the PiGSS
data. We identify 124 sources with α > −0.5 and 39 sources with α > 0. If we restrict our
sample to those within the half-power radius where ﬂuxes are more accurate, then we ﬁnd
26 sources with α > 0, or 8 per square degree.
A single source from the LAT 1-year catalog falls in the Boo¨tes ﬁeld, 1FGL J1426.0+3403
(Abdo et al. 2010). This source is a probable match to the PiGSS source J142607+340433,
which has a ﬂux of 27.5±0.6 mJy. Matches to the other catalogs indicate a spectral index of
∼ −0.2. The source is not identiﬁed in the CGRaBS catalog of ﬂat spectrum radio sources,
presumably because it falls below the detection threshold for that catalog (Healey et al.
2008). The LAT catalog associates this source with the BL Lac object, BZB J1426+3404
(Massaro et al. 2009). As the LAT catalog becomes more sensitive and detects more transient
and variable sources, we can expect an increased number of LAT sources to fall into these
ﬁelds. The next PiGSS paper will study short-term variability of sources in the ﬁeld, which
may be a stronger predictor of gamma-ray activity than spectral index.
The BZ catalog identiﬁes 3 blazars, BL Lac objects, and radio loud quasars in the
Boo¨tes ﬁeld, using 1.4 GHz radio ﬂux data and optical spectra (Massaro et al. 2009). The
BZ catalog has an average density of ∼ 0.1 sources per square degree. The higher number
density in the Boo¨tes ﬁeld is due to the non-uniformity of the available optical spectroscopy.
The ∼ 102 ﬂat spectrum sources identiﬁed via PiGSS spectral indices indicates an order
of magnitude increase in the number of blazar candidates. Over the 104 square degrees
of PiGSS, we expect to identify ∼ 104 ﬂat spectrum sources above a ﬂux density of 10
mJy. This is an order of magnitude increase over the 1625 ﬂat spectrum sources identiﬁed
in CGRaBS. Comparison of PiGSS sources in Boo¨tes with the extensive NDWFS imaging
and spectroscopic results should provide a compelling characterization of the ﬂat spectrum
population in this ﬁeld.
6. Conclusions
We present the ﬁrst results from the Pi GHz Sky Survey in this paper. This includes
a description of the overall survey strategy and goals with an emphasis on transient and
variable source characterization. The data presented in this paper represent less than 3% of
the total data that will be obtained in PiGSS. These data are a deep image of a region that
is approximately 10 deg2 in the Boo¨tes ﬁeld. Comparison of the PiGSS results with existing
surveys of the ﬁeld, especially NVSS, provides an important veriﬁcation of the ﬁdelity of the
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PiGSS data. We detect ∼ 102 ﬂat spectrum sources in this early stage of PiGSS. We identify
one PiGSS source that does not appear in any other radio catalog. This source is possibly
transient or strongly variable but may also be due to ﬂuctuations in the noise; a future paper
will examine the daily and monthly images of this source. We set upper limits on transients
with lifetimes of minutes and months. The complete PiGSS catalog will provide a signiﬁcant
exploration of transient parameter space on time scales that range from minutes to years.
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Table 1. PiGSS Fields and Speciﬁcations
Region Surveyed North Galactic Cap Boo¨tes Field Boo¨tes Field Lockman Hole
Field Area 10,000 deg2 10 deg2 250 deg2 10 deg2
b > 30◦ αcen = 14h32m αcen = 14h32m αcen = 10h49m
δcen = 34◦16′ δcen = 34◦16′ δcen = 58◦20′
Number of observations 2 100 2 100
Cadence 1 year 1 day 90 days 1 day
Time per pointing 2 min 2 min 2 min 2 min
Detection threshold per epoch 5 mJy 5 mJy 5 mJy 5 mJy
Final detection threshold 4 mJy 1 mJy 4 mJy 1 mJy
Pointing angular spacing 0.5◦ 0.5◦ 0.5◦ 0.5◦
Angular resolution 100′′ 100′′ 100′′ 100′′
Position accuracy at 10σ <∼ 10′′ <∼ 10′′ <∼ 10′′ <∼ 10′′
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Table 2. Boo¨tes Surveys
Survey Frequency Min. Flux Resolution FoV
(GHz) (mJy) arcsec × arcsec deg2
WSRT-1400 1.4 0.14 13× 27 7.0
NVSS 1.4 2.5 45× 45 3× 104
FIRST 1.4 1.0 5× 5 104
PiGSS 3.1 0.8 100× 100 11.7
GB6 4.9 18 130× 130 2× 104
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Fig. 1.— RMS for each of the Boo¨tes epochs as a function of time.
–
24
–
Table 3. PiGSS Sources
Name RA Dec ∆α ∆δ bmaj bmin φ b
′
maj b
′
min φ
′ Flux Err
(hours) (deg) (arcsec) (arcsec) (arcsec) (arcsec) (deg) (arcsec) (arcsec) (deg) (mJy) (mJy)
J142318+344210 14.38826 34.70267 17.9 17.8 100.0 100.0 0.0 0.0 0.0 0.0 18.01 4.45
J142402+344518 14.40044 34.75503 11.4 11.3 150.4 122.6 55.0 112.3 70.9 88.7 16.49 2.59
J142421+343857 14.40570 34.64913 19.5 19.5 100.0 100.0 0.0 0.0 0.0 0.0 6.21 1.68
J142426+343602 14.40719 34.60060 3.5 3.5 136.8 117.5 65.8 93.4 61.7 9.9 30.33 1.47
J142430+341914 14.40831 34.32064 19.8 19.8 100.0 100.0 0.0 0.0 0.0 0.0 4.04 1.11
J142440+343757 14.41101 34.63258 9.8 9.5 185.4 103.9 63.9 156.1 28.2 -61.2 10.00 1.32
J142445+341832 14.41253 34.30878 2.1 2.1 111.5 102.7 -74.7 49.3 23.4 -40.0 42.03 1.22
J142447+345317 14.41295 34.88818 15.9 15.9 100.0 100.0 0.0 0.0 0.0 0.0 8.54 1.88
J142448+340957 14.41339 34.16577 10.7 10.7 100.0 100.0 0.0 0.0 0.0 0.0 6.18 0.92
J142458+342527 14.41625 34.42421 10.3 10.3 164.4 105.3 66.5 130.5 33.0 -30.2 5.89 0.84
J142503+334405 14.41761 33.73465 18.4 18.4 100.0 100.0 0.0 0.0 0.0 0.0 4.90 1.24
J142516+345310 14.42118 34.88600 2.5 2.5 117.6 105.3 88.9 61.9 33.0 -53.6 38.86 1.34
J142517+341606 14.42129 34.26831 5.0 5.0 100.0 100.0 0.0 0.0 0.0 0.0 9.71 0.67
J142523+340944 14.42302 34.16212 5.3 5.3 100.0 100.0 0.0 0.0 0.0 0.0 8.83 0.64
J142536+331215 14.42679 33.20403 10.1 10.2 140.3 115.9 -26.5 98.4 58.6 78.3 16.39 2.29
J142541+345848 14.42811 34.98005 1.7 1.7 130.0 110.2 67.6 83.1 46.3 86.8 105.85 2.45
J142543+335544 14.42853 33.92887 1.6 1.6 100.0 100.0 0.0 0.0 0.0 0.0 123.69 2.68
J142558+351311 14.43279 35.21974 18.8 18.8 100.0 100.0 0.0 0.0 0.0 0.0 5.43 1.41
J142601+343129 14.43357 34.52459 17.7 17.7 100.0 100.0 0.0 0.0 0.0 0.0 2.69 0.66
J142607+340433 14.43531 34.07572 1.6 1.6 100.0 100.0 0.0 0.0 0.0 0.0 27.45 0.61
Note. — First 20 lines of the table; full table is included as data file.
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Table 4. Radio Matches to PiGSS Sources
Name S1400 α1400 ∆α1400 SNV SS αNV SS ∆αNV SS S4850 α4850 ∆α4850
(mJy) (mJy) (mJy)
J142318+344210 0.00 0.00 0.00 34.30 -0.81 0.31 0.00 0.00 0.00
J142426+343602 0.00 0.00 0.00 47.60 -0.57 0.06 0.00 0.00 0.00
J142440+343757 0.00 0.00 0.00 15.90 -0.59 0.17 0.00 0.00 0.00
J142445+341832 0.00 0.00 0.00 82.10 -0.85 0.04 22.00 -1.44 -0.41
J142447+345317 0.00 0.00 0.00 20.70 -1.12 0.28 0.00 0.00 0.00
J142448+340957 0.00 0.00 0.00 8.10 -0.34 0.20 0.00 0.00 0.00
J142516+345310 0.00 0.00 0.00 65.90 -0.67 0.04 28.00 -0.73 -0.33
J142517+341606 0.00 0.00 0.00 16.30 -0.65 0.10 0.00 0.00 0.00
J142523+340944 0.00 0.00 0.00 20.60 -1.07 0.10 0.00 0.00 0.00
J142541+345848 262.60 -1.15 0.06 154.70 -0.48 0.03 69.00 -0.95 -0.23
J142543+335544 322.78 -1.21 0.06 303.10 -1.13 0.03 79.00 -0.99 -0.23
J142558+351311 0.00 0.00 0.00 9.30 -0.68 0.34 0.00 0.00 0.00
J142601+343129 5.43 -0.89 0.31 3.60 -0.37 0.36 0.00 0.00 0.00
J142607+340433 37.73 -0.40 0.06 34.60 -0.29 0.03 28.00 0.04 -0.32
J142609+333949 29.78 -0.89 0.09 27.80 -0.81 0.08 0.00 0.00 0.00
J142620+335127 13.96 -1.30 0.16 11.50 -1.05 0.17 0.00 0.00 0.00
J142621+344021 87.01 -0.74 0.05 38.60 0.29 0.02 36.00 -0.66 -0.31
J142621+340937 6.51 -1.09 0.25 5.00 -0.76 0.27 0.00 0.00 0.00
J142623+334643 4.51 1.28 0.09 2.60 1.98 0.25 0.00 0.00 0.00
J142632+350831 0.00 0.00 0.00 95.00 -1.13 0.05 28.00 -0.72 -0.33
Note. — Zeros indicate no match. First 20 lines of the table; full table is included as data file.
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Fig. 2.— Imaged area as a function of ﬂux density threshold.
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Fig. 3.— Image of the Boo¨tes ﬁeld at 3.1 GHz. The wedge demonstrates the ﬂux range of
the grayscale.
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Fig. 4.— Images of regions within the large image: (a) one of the brightest sources in the
ﬁeld with a ﬂux density of 113± 1 mJy; (b) a double source; (c) a complex of faint sources;
(d) another complex of sources; (e) the faintest source in the catalog; and (f) an empty ﬁeld.
All images have contours that are -4, -2.8, 2.8, 4, 5.6, 8, 11.2, . . . 256 times 0.2 mJy. The
synthesized beam is shown in (a). Crosses indicate PiGSS sources. Circles indicate NVSS
sources, with area proportional to the logarithm of the ﬂux density. Large, blue squares
represent GB6 sources. Small cyan squares represent WSRT-1400 sources. Each image is
10′ × 10′.
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Fig. 5.— Histogram of separation between PiGSS and NVSS sources. Solid bars are for
sources within the half-power radii of the outer pointings; open bars are for sources beyond
that limit.
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Fig. 6.— Vectors of position oﬀsets between NVSS and PiGSS. The mean oﬀset has been
removed. A scale arrow in the lower right indicates 0.5′ oﬀset. Note that arrows are much
larger than actual scale. Crosses indicate the centers of each pointing; solid circles indicate
the half-power radii; dashed circles indicate two times the half-power radii.
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Fig. 7.— Histogram of PiGSS sources not identiﬁed in matches with other catalogs. See
text for details.
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Fig. 8.— An extended PiGSS source not observed in NVSS. Contours are the same as in
Fig. 4.
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Fig. 9.— Images of unresolved PiGSS sources not identiﬁed in NVSS and WSRT-1400 and
within the half-power contour of the image. The source without an identiﬁcation is located
at the center of each image.
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Fig. 10.— Spectral indices generated from PiGSS with respect to the NVSS. The dashed
line indicates the cutoﬀ of α > −0.5 for ﬂat spectrum sources.
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Fig. 11.— Number counts as a function of ﬂux density from PiGSS data (squares), NVSS
sources in the same ﬁeld (ﬁlled circles), GB6 sources in the same ﬁeld (ﬁlled triangles), and
5 GHz source counts from the full GB6 catalog (dashed line; Gregory et al. 1996).
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Fig. 12.— Two-epoch transient rates from PiGSS and other surveys as a function of ﬂux
density. The curved solid black line labeled PiGSS-I is the limit from this paper. The
solid black line with step functions shows the rate from Bower et al. (2007) while the dot-
ted lines show the 2σ upper and lower bounds. The arrows show 2σ upper limits for
transients from Bower et al. (2007) with a 1-year timescale (B07.1), two-month timescale
(B07.2), and for transients from the comparison of the 1.4 GHz NVSS and FIRST surveys
(G06; Gal-Yam et al. 2006), from the Carilli et al. (2003) survey (labeled C2003), from the
Frail et al. (2003) survey (labeled F2003), from ATATS (Croft et al. 2010), and from the
Matsumura et al. (2009) survey (labeled M09).
